Widespread seismicity was triggered by the June 28, 1992, Landers California, earthquake at a rate which was maximum immediately after passage of the exciting seismic waves. Rectified diffusion of vapor from hydrothermal liquids and magma into bubbles oscillating in an earthquake can increase the local pore pressure to seismically significant levels within the duration of the earthquake. In a hydrothermal system modeled as a two-component H 
where t is time measured in days. The slope of this curve is the rate of the triggered seismicity, also shown in Figure 1 . The rate is maximum immediately after passage of the Landers seismic waves, and decreases with a characteristic e-folding time of 1.85 days. This observation implies that the mechanism facilitating triggered seismicity is fully active immediately after passage of the Landers waves. In this paper we describe a process known as rectified diffusion, by which dynamic strain can rapidly increase pore pressure in a hydrothermal field. The objective is to determine the range of seismic and hydrologic parameters for which rectified diffusion increases pore pressure sufficiently rapidly to explain the onset of triggered seismicity at maximum rate within I min. of the arrival of the Landers main shock [Michael, 1992] . We consider mechanisms for the relaxation of pressure during and after seismic excitation, and we conclude by discussing the general implications of the concepts described in this paper. In a future paper we will report the range of conditions in magmatic systems which could lead to seismically significant increase of pressure in a body of magma and the potential for triggering volcanic activity. 
Conceptual Model
In geothermal systems, fluid flow through thermal, compositional, and hydrostatic pressure gradients induces the separation of vapor (i.e., the formation of bubbles) and the precipitation of solids (deposition of minerals). Phase separation occurs, for example, when a gas dissolved in water becomes supersaturated. For simplicity, in this paper we consider the binary H•O-CO• system. Vapor-liquid unmixing is moderated by surface tension; bubbles of radius r• are stable only if the dissolved-gas concentration C• is sufficiently large that the pressure of the vapor in the bubble withstands the tendency of surface tension to collapse the bubble. Once bubbles have formed, according to Henry's law the critical condition is given by [Crum, 1984] Ca 2or The modeled geothermal system consists of fractured porous rock saturated with H20-CO2 mixture (Figure 2) . The medium is likely very heterogeneous, with seismic velocity, rock permeability and porosity, and pore pressure varying by large amounts over relatively small distances . The dynamic strain imposed by seismic waves on the bubbly regions induces both sliding and dilatation of the fractures, fluid motion in the cracks, and deformation of the bubbles.
Oscillation of preexisting bubbles can rapidly increase the pore pressure of the system by rectified diffusion. During the expansion phase of the volume-changing component of oscillations ( Figure 3a) the density of the gas-like phase in the bubbles is reduced, so it becomes undersaturated relative to the liquid-like phase, and dissolved gas diffuses into the bubble. During the compression phase the bubbles become supersaturated, and gas rediffuses back into the liquid (Figure 3c ). For small, sinusoidal oscillations the saturation initially varies symmetrically about the initial value. However, the bubble surface area is larger during the expanded phase (Figure 3a) than during the compressed phase, so the total mass diffused into the bubble in one strain cycle is greater than the mass diffused out of the bubble. The vapor density in the bubbles steadily rises on a timescale long compared to the period of the seismic oscillation 25,271 distributes the preearthquake stress state and the pore pressure elevated by rectified diffusion. If it is assumed that triggered seismicity occurs randomly with constant probability throughout the geothermal field, the number of pressurized regions triggering seismicity can be constrained.
Figure 2. Schematic drawing of the model porous system with an idealized spherical accumulation of bubbles due to localized supersaturation. [Hsieh and Plesset, 1961] . The net mass flux into the bubble is second order in the amplitude of oscillation, so the diffusion rate is proportional to the square of the amplitude of the dynamic seismic strain. The mass transfer takes place at constant temperature, and to the extent that the volume is constant, the increase of the density of the gas-like phase results in an increase of pressure in the neighborhood of the bubble. Thus rectified diffusion in an oscillating strain field tends to increase the pore pressure in bubble-containing regions.
Increased pore pressure reduces the effective normal stress, rendering existing faults more susceptible to Coulomb failure. In regions where the pore pressure is already moderately close to the normal stress the increase of pore pressure will cause the rock in or immediately adjacent to the bubbly region to fail, and triggered seismicity may occur. On the basis of observations of earthquake swarms induced by tidal strain we take the threshold value of pore pressure increase to trigger earthquakes to be 10 kPa (see below). The pressure generated by rectified diffusion induces failure only in the immediate neighborhood of the bubbly region. It probably does not directly contribute to deformation measured at the Earth's surface.
Volume-changing processes which allow the bubbles to grow and moderate the increase of pore pressure include elastic deformation and compaction of the surrounding rock and leakage of fluid out of the bubbly region through permeable rock. We show that percolation may serve to relax the pore pressure over timescales much longer than the duration of the remote earthquake. The triggered seismicity itself relaxes and re-
Geothermal System
In the present model the geothermal field is composed of liquid-saturated fractured rock. Rectified diffusion is assumed to be active in roughly spherical regions that are small compared to the size of the field and sparsely distributed throughout it. The bubbles occur in small fractures and pores (Figure 2) . We consider the excitation of this system by seismic surface and $ waves. The shear wave velocity is dramatically reduced in the bubbly regions owing to both the presence of liquid and the large compressibility of the vapor phase.
While the wave propagation is modeled by a continuous medium with reduced shear velocity, the rectified diffusion process is treated by accounting for the smallscale motion of the liquid/vapor mixture in the rock matrix during seismic excitation. The macroscopic dynamic shear imposed on the system is accommodated In the H20-CO2 system, two immiscible fluid phases of contrasting density may coexist over a much larger range of pressure, temperature, and composition than is the case for pure H20. The critical point is raised The binary H=O-CO= system treated here is sufficient to yield an order-of-magnitude estimate of the quantitative effects of rectified diffusion for temperatures to 250øC. For higher temperatures (to 500øC or more) it is necessary to model the system as a ternary system. However, in view of the fact that borehole measurements at Long Valley [Sorey and Farrat, 1992] indicate that the temperature does not exceed 250øC and remains rather constant with depth, we consider only the binary model in this paper.
Analytical Model
We consider an assemblage of N bubbles localized in an idealized spherical subregion of radius a (Figure 2 ). 
MvPo
For simplicity, the vapor phase has been assumed to be a perfect gas, though at elevated p and T it could equally well be represented more accurately by using, for example, the modified Redlich-Kwong equation of state [Flowers, 1979] . The heat content of the liquid and solid phases is much larger than that of the vapor, so exsolution takes place at nearly constant temperature. where Cvsat is the saturated concentration of vapor in the liquid corresponding to pv, the elevated density of vapor in the bubble generated by rectified diffusion.
Equation ( 
Pressure Relaxation by Percolation and Resorption
After the oscillatory seismic excitation ceases, percolation continues, so the induced pressure decreases. Considering only this process, the time it takes the pressure to return to ambient is r, the characteristic time for percolation (equation (20)).
In addition, the vapor resorbs from the bubbles back into the liquid phase in a process limited by the diffusion coefficient D, the bubble diameter r0, and the amount that the system has been driven out of equilibrium. This process was studied by Epstein and Plesset Laboratory experiments [Crum, 1980] show that for large bubbles, observed bubble growth rate by rectified diffusion is up to 20 times greater than predicted by even the theory accounting for nonlinear effects [Eller, 1969] . Fyrillas and $zeri [1995] show that the discrepancy can be resolved by accounting for the effects of surfactants. Presumably, the concentration of surfactants at seismogenic depths is small, so we have neglected this effect.
We conclude that though the rate of pressure rise in earthquakes may be slightly overestimated because of the violation of the small diffusion layer assumption, so long as the above constraints on bubble separation are met, the simple Hsieh-Plesset theory [ Rectified diffusion provides a natural explanation for why only the Landers earthquake caused triggered seismicity in Long Valley even though the dynamic strain caused by the Landers earthquake is only a factor of 2 larger than that caused by other earthquakes . Since the magnitude of the Landers earthquake is larger than other events, the duration was also likely to be larger. In addition, since the total effect of rectified diffusion is proportional to the product 52 At, it should be expected that triggering will be very sensitive to seismic magnitude. 
Conclusions

